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Abstract
This mini-review outlines the current theories on the mechanism of electron transfer from water to P680, the location and
structure of the water oxidising complex and the role of the manganese cluster. We discuss how our data fit in with current
theories and put forward our ideas on the location and mechanism of water oxidation. ß 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction
Photosystem II (PSII) is the membrane-protein
complex which catalyses electron transfer from water
to plastoquinone [1^3]. The PSII complex consists of
more than 20 proteins and six di¡erent active cofac-
tors, including chlorophyll and a manganese site
which is required for water oxidation. PSII electron
transfer starts with the excitation of the reaction
centre chlorophyll a species P680, to P680*, and rap-
id electron transfer away from P680*, via pheophy-
tin, to the bound plastoquinone, QA, to form the
P680Q3A state. Electron transfer then occurs from
Q3A to a second plastoquinone, QB. Following two
turnovers, QB has accepted two electrons and taken
up two protons. QBH2 dissociates from its site into
the membrane pool of plastoquinone and is replaced
by a new molecule of QB. P680 extracts an electron
from the water oxidising complex (WOC), via the
electron donor YZ, tyrosine-161 on the polypeptide
D1 [1^3]. During turnover, the WOC passes through
redox states termed S states, electrons being removed
on each step from S0 to S3 and O2 being evolved at
the transient S4 state (Fig. 1), restoring S0 and reset-
ting the cycle [1^5]. Four Mn atoms are thought to
be involved in the WOC. The precise location of the
Mn complex is still unknown but it is located to-
wards the lumen side of the membrane. Examination
of the possible mechanisms shows that oxidation of
the WOC must be an almost electroneutral process
with proton release to the lumen during the S state
cycle providing the necessary charge balance to elec-
tron transfer. The dark stable state is S1. On dark
adaptation, the S0 state is slowly oxidised to S1 by a
second redox-active tyrosine, YD, tyrosine-161 on the
D2 polypeptide [6,7]. The S2 and S3 states are un-
stable with short half-lives (6 30 s) at room temper-
ature, decaying back to S1 [1^3]. The lifetimes of S2
and S3 increase at lower temperatures, recombination
with reduced QA being very slow at 200 K. The S4
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state has a lifetime of a few milliseconds, spontane-
ously decaying to S0. S1 and S2 are the most easily
studied redox states of the WOC [1^3].
In this paper we will outline our view of the loca-
tion and mechanism of water oxidation.
2. P680 to YZ
P680 oxidation provides the driving force for
water oxidation and it is well established that most
of the oxidising power must be used to oxidise water.
This requires a short electron transfer chain with
precise control of redox potential and reorganisation-
al energy. The data suggest that P680 is actually a
weakly interacting Chl a multimer [8]. However,
P680 appears to have monomeric character and
be localised mainly on one particular chlorophyll
[3]. The weak exciton splitting and the localisation
of the paramagnetic states is probably due to an
increased separation between the central pair of pig-
ments compared to that of purple bacterial reaction
centres (from 7.5 Aî in purple bacteria to about 10 Aî
centre to centre in PSII models) [9^13]. It would be
appropriate for P680 (cationic state) to reside
mainly on a Chl bound to D1, favouring rapid elec-
tron transfer by YZ and slowing electron transfer by
YD. In D1, interaction of YZ with D1 H190 is likely
[14]. The less hydrophobic environment of YZ is con-
trasted with that of YD, which is located in a very
hydrophobic pocket [9^13]. There are also di¡erences
in the electrostatic properties of the regions sur-
rounding each redox-active tyrosine. YZ resides in a
region lacking positively charged amino acids where-
as YD, although in a more hydrophobic pocket, has
D2 R295 nearby. Also near YD and close to the
proposed D2 accessory chlorophyll is D2 R181
[15,16]. During PSII turnover, YD is maintained in
an oxidised state, these factors together may create a
more positive charge on the D2 side that may in-
crease the redox potentials of the D2 core chloro-
phylls, preventing their oxidation, and steering the
chlorophyll cation towards the D1 side and YZ [17].
The reduction kinetics of P680 by YZ and sub-
sequently of YcZ (the neutral tyrosine radical) by the
WOC are dependent on the S state. A large fraction
of P680 is reduced by YZ in nanoseconds but slow-
er phases occur [18^20]. In a previous paper [19] we
investigated the reduction kinetics of P680 during
the S state transitions. These results showed that the
S state dependent oscillatory behaviour extended far
into the microsecond domain. We also found no sig-
ni¢cant deuterium e¡ect on processes that occur in
the nanosecond time domain, but that H2O/2H2O
exchange causes a signi¢cant decrease in the P680
reduction rate in the microsecond time domain. This
suggests a role for proton coupled electron transfer
processes, in which proton migration away from the
region is required to complete reduction of P680,
resulting in a progressive change in the equilibrium
between YZ/YcZ and P680/P680
 towards YcZ forma-
tion. This ability for electrostatic relaxation may con-
tribute to the faster rate of electron transfer to YZ
compared to that of YD where the net charge is
trapped within the YD-D2 H190 site.
3. YZ to the WOC
The midpoint redox potential of the YZ/YcZ couple
is estimated at +950^1000 mV [21,22]. YZ increases
the e⁄ciency of charge separation by acting as a
bu¡er between P680 and the multiple electron and
proton transfer of water oxidation. YZ has been pro-
Fig. 1. S state cycle. The diagram shows possible Mn oxidation
state changes for two of the Mn atoms of the WOC. The other
two Mn atoms are proposed to remain in the same oxidation
state. One proton and one electron can be released on each S
state change but this will depend on the preparation and condi-
tions, which in£uence the pKa values of amino acids and water
oxidation intermediates (see text).
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posed to be involved in the water oxidation process
itself, as a hydrogen atom abstractor or in promoting
proton coupled electron transfer from the WOC [1^
3,22^29]. A role in triggering the formation and re-
lease of oxygen has also been proposed, as the re-
duction of YcZ during the S3 to S0 transition is the
rate-limiting step in water oxidation [1^3,22]. For the
rate of electron transfer from the OEC to YcZ, life-
times of 6 3^250 Ws have been reported for the tran-
sition YcZS0/YZ S1, 30^140 Ws for Y
c
ZS1/YZ S2, 100^
600 Ws for YcZS2/YZ S3, and 1^4.5 ms for Y
c
ZS3/YZ S0
[3,30^32]. Four protons are released to the lumenal
side of the thylakoid membrane during the S state
cycle. This release of protons into the lumen, togeth-
er with proton uptake at the stromal QB site, creates
a pH gradient over the membrane. The stoichiometry
of the proton release is dependent on the pH, and on
the preparation of the PSII used [18,27,29]. The pro-
ton release into the lumen takes place within some
tens of microseconds after the excitation [27,29]. This
means that proton release precedes the S state tran-
sition, being correlated with P680 reduction and YZ
oxidation, rather than to YZ reduction and S state
advancement.
4. Location of the WOC
Several years ago, from both spectroscopic mea-
surements and from the results of site directed muta-
genesis, it began to be possible to predict the approx-
imate location of the WOC and model its location
[10,11]. Models based on the similarity of the purple
bacterial reaction centre to PSII allow a reasonable
estimation of the position of YZ [9^13]. We ¢rst sug-
gested that YZ interacts with the Mn cluster of the
WOC via a weak interaction to give split electron
paramagnetic resonance (EPR) signals at cryogenic
temperatures and that this places YZ 6^10 Aî from
the Mn cluster [33^35]. The split EPR signals from
the WOC were reported where oxygen evolution was
inhibited by calcium or chloride depletion procedures
or by treatment with acetate or ammonia. These sig-
nals are now assigned to a S2 YcZ state, an interaction
between YZ and the S2 state of the Mn cluster. Study
of this interaction in detail has allowed the position
of the Mn cluster to be estimated to about 8 Aî from
YZ (centre to centre) [33^39] although some data
indicate that YZ and the Mn cluster are s 15 Aî
apart (e.g. [40]).
5. Structure of the manganese complex
The Mn valence states during the S state cycle are
not known, but models with the S2 state having 3
Mn3 1 Mn4 or 1 Mn3 3 Mn4 are the main alter-
natives discussed [30]. Two main schemes for the
accumulation of oxidising equivalents have either
Mn oxidised during each of the S state transitions
or Mn oxidation on most transitions with, for exam-
ple, S2 to S3 not involving Mn oxidation. The oxida-
tion of Mn on the S1 to S2 step is supported by X-
ray spectroscopy [41]. EPR signals are obtained from
the S0 [42^45], S1 [46^49] and S2 [50^53] states con-
sistent with Mn oxidation during S0 to S1 to give a
Mn3/Mn3 dimer and during S1 to S2 to give a
Mn3/Mn4 dimer. These EPR signals, but mainly
those from the S2 state, have been used as one of
the main probes of the WOC and its turnover. Re-
cently EPR from states higher than S2 including S3
have been observed [54^56].
The structure of the Mn cluster has been exten-
sively studied by X-ray spectroscopy [41]. The inter-
pretation of these results is di⁄cult due to the pres-
ence of four Mn sites and the relatively dilute Mn
concentrations in oxygen-evolving preparations for
such studies. Therefore only average metal-ligand
distances of the Mn site can be obtained. Interpreta-
tion of the data suggests a structure in S2 comparable
with model compounds containing a Mn3/Mn4
dimer. Further analysis shows a Mn-Mn distance
of 2.7 Aî with Mn coordination by O or N ligands
and suggests the presence of two inequivalent W-oxo-
bridged Mn pairs [41].
Both chlorine and calcium ions have been shown
to be required for maximum rates of oxygen evolu-
tion [30]. It has been proposed that one Ca2 atom
may be associated with one of the Mn dimers and
that one Cl atom may be a Mn ligand [1^3,30]. The
range of Mn models supported by the present data is
wide and simple examples are discussed in [57]. Some
models are shown in Fig. 2. Some of the structures
suggested for the Mn complex give a Mn tetramer
occupying only a small volume which would be di⁄-
cult to ligate with amino acid side chains. We favour
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a slightly more extended structure with water oxida-
tion occurring between terminal Mn atoms (see Fig.
2 and below).
6. Manganese ligands
The four Mn atoms, each with six or possibly ¢ve
co-ordinate geometry require up to 24 ligands. If W-
oxo bridges supply eight ligands then water, hydrox-
yl, chloride, amino acid side chains (charged and un-
charged) and peptide carbonyl ligands probably sup-
ply the rest. It is not ruled out, and perhaps even
likely, that other ligands such as bicarbonate [58]
or some unusual ligand may also be present.
6.1. Substrate water
The stage in the S state cycle where water binding
occurs is not known. Recent studies show that there
is interaction between water and the WOC before S3,
with signi¢cant di¡erences in the binding of the two
water molecules [59,60]. However, the water binding
sites are not known. Water binding to the Mn com-
plex would decrease its pKa and assist deprotonation.
Although not normally explicitly stated, it is implied
in both structural and mechanistic models that the
water oxidation site is not exposed directly to the
aqueous medium, but that water access is restricted
to substrate molecules. This implies that there are
controlled channels both for water access and proton
release (Fig. 3). It is probable that water access to the
two Mn sites is di¡erent.
It is most likely that the catalytic site for water
oxidation will directly involve a metal. In the absence
of any evidence for the presence of other metals we
assume that that metal is Mn. However, it has
proved di⁄cult to obtain evidence for direct interac-
tion of water with the Mn complex. EPR experi-
ments with H172 O showed small e¡ects indicating in-
teraction of water with Mn in the S2 state [61].
However, ESEEM experiments with either 17O or
2H water failed to detect interaction with the S2 state
[62]. Interaction of 2H-methanol with the S2 state has
been reported and can be interpreted as showing
methanol binding to the Mn [63,64]. In our hands
the S2 component interacting with methanol decays
over a few weeks at 77 K leaving the major compo-
nent of the S2 multiline Mn signal with no interac-
tion. We have recently obtained similar results using
2H2O [65]. These results cannot be unequivocally in-
terpreted at present. They may show that a part of
the Mn complex is not accessible to water, at least in
the S1 and S2 states. The other Mn site would pro-
vide the water binding site. It is unclear what would
control electron distribution between the two Mn
sites in our experiments. An alternative explanation
might be that the WOC has water bound/not bound
states in S1, with freezing locking the individual
centres in one state or the other. Our results would
then require that S2 was less stable to cryogenic stor-
age in the water bound state.
Fig. 3. Diagram showing the key elements of the WOC envi-
ronment.
Fig. 2. Possible structural arrangements of the four Mn atoms
in the WOC. Panel A shows the ‘dimer of dimers’ model fea-
tured in many papers. Panels A and B are redrawn from
[41,57], panels C and D represent another view with more open
structures that are also compatible with the data.
BBABIO 44976 1-12-00
J.H.A. Nugent et al. / Biochimica et Biophysica Acta 1503 (2001) 138^146 141
6.2. Amino acid ligands
D1 amino acid residues are the main amino acid
ligands but other PSII polypeptides such as CP47
could provide one or two Mn ligands [66]. It is likely
that the binding site for the Mn complex is formed
by the C-terminal amino acids of D1 being folded
under the region containing YZ [11]. Therefore po-
tential ligands can be put into two groups, those near
YZ and those near the C-terminus. These two groups
of amino acids possibly form the main ligands for
two Mn each.
D1 residues predicted to be close to YZ and capa-
ble of forming ligands to metal ions include Q165,
S167, D170, E189, and H190. In many models, H190
is proposed as the base that can accept the proton
released from YZ on oxidation [14,67]. Many of these
residues have been studied by mutagenesis, for exam-
ple D170 is a possible ligand for Mn [66] as its re-
placement by other amino acids in Synechocystis
6803 results mainly in loss of photoautotrophic
growth. Changes to possible alternate ligands, gluta-
mate and histidine, resulted in decreased oxygen evo-
lution rates.
The C-terminus portion of D1 (E329 to A344, Ex-
xHExNxHxxxxDxA) contributes to the Mn binding
site. It contains many conserved potential ligand res-
idues and correct post-translational processing giving
the terminal residue A344 is required for Mn com-
plex assembly [66,68]. Amino acid carboxyl side
chains (E333, D342, C-terminal A344) or peptide
carbonyl groups are expected to provide most Mn
ligands, and histidine, probably H332 or H337, has
been shown to provide at least one nitrogen ligand
[66,69].
However, other arrangements are possible, as for
example some of the residues discussed may bind the
Ca2 cofactor. Water access to the site is limited, so
there are the residues required for a water channel to
bring substrate to the site and a relay chain required
to take protons away (Fig. 3). The former could be
quite extensive to allow gating of the entry of water
and therefore could explain the signi¢cance of resi-
dues relatively distant to our proposed Mn cluster
site such as D2 E69 [70] and residues on CP47.
The calcium site could be involved in the water path-
way [71], and be anywhere along it if used in a gating
role. The dramatic e¡ects of the loss of calcium
would in that case be due to changes in substrate
access.
7. Mechanism of water oxidation
To achieve the di⁄cult process of water oxidation
at ambient temperatures using solar energy requires a
special mechanism that can utilise most of the driv-
ing force generated on each turnover of the PSII
reaction centre.
The gradual progress of gathering evidence about
the location and structure of the WOC has allowed
mechanisms to be proposed [22^31,39,59,71^75].
These mechanisms recognise the importance of con-
trolling both the redox potentials of S state inter-
mediates and the pKa values of amino acids sur-
rounding the WOC to maintain electroneutrality in
the process. This means that water oxidation is ex-
quisitely sensitive to structural changes between
preparations which may alter water accessibility, hy-
drogen bonding, pKa values etc.
There are problems with the data we have avail-
able. In addition to the lack of detailed structural
information, a large slice of the data on the S state
cycle comes from studies of only one S state transi-
tion, the readily accessible S1 to S2 step. However,
this step has di¡erent properties to other steps, such
as its temperature dependence, proton release pattern
etc. [1^3,30]. Another important set of data, partic-
ularly concerning the properties of YZ, has come
from study of Mn or polypeptide depleted samples
and those, such as calcium depleted, chloride de-
pleted and acetate treated samples, where oxygen
evolution is absent. Features necessary for water ox-
idation such as correct protonation/deprotonation
states or a hydrogen bonding network would be
easily perturbed by such changes. A similar argument
can be aimed at site directed mutagenesis experi-
ments. Additions to PSII which do not prevent water
oxidation, but modify some of the properties of the
WOC, such as ethanol or methanol treatment [63,64]
again could act through e¡ects on the water channel
and/or hydrogen bond network through competition
with water.
Therefore the functional and structural data are
not yet su⁄cient to allow any decisions on mecha-
nism to be made. However, mechanisms can be pro-
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posed with the aim of stimulating both new ideas
and experiments. A good example of this is the ele-
gant hydrogen abstraction model [22^24]. In this
model and subsequent modi¢ed forms, YcZ is an ab-
stractor of hydrogen atoms by either a sequential or
concerted mechanism in some or all steps [22^24,28].
Charge distribution onto a hydrogen bonding net-
work leading to proton release is proposed to start
at D1 H190, which accepts the proton from YZ. This
model recognises the importance of maintaining the
Mn cluster as an electrically neutral site during the S
state cycle. Most models assume that the WOC does
not alter charge through the S state cycle but some
models (e.g. [75]) propose that one positive charge is
retained on reaching S2.
The mechanisms proposed can be roughly divided
into those involving hydrogen abstraction [22^24,28]
and those involving separate or coupled proton/elec-
tron transfer [25^27,29,31,75]. The various models
are also often presented as leading to two extremes
for proton release, electrostatic deprotonation into
the lumen versus a hydrogen-bonded network from
D1 H190. However, a hydrogen-bonded network
could transmit electrostatic release of protons.
In looking at the mechanism we must take into
account that there are quite distinct di¡erences be-
tween the steps of the S state cycle. For example, S0
to S1 has a substantially lower redox potential, S1 to
S2 turnover is possible at cryogenic temperatures and
there is substantial data showing that S2 to S3 has
novel properties [1^3,30,73]. We are also concerned
to involve both pairs of Mn atoms, as some pro-
posals appear to have one pair without any signi¢-
cant role.
8. YZ
An assumption that is made in many models is
that YZ is initially protonated and must therefore
lose this proton on oxidation. However, it is possible
that YZ may have a low pKa and is e¡ectively de-
protonated through strong H bonding or acting as a
ligand, an explanation put forward previously to ex-
plain the redox behaviour of YZ compared to YD
[17,26,76]. This may also explain the slower kinetics
of YZ in inhibited or Mn depleted samples where a
change in the environment of YZ, raising the pKa,
would slow electron transfer. The S1 to S2 step has
been observed to occur at cryogenic temperatures, at
150 K and even 77 K [30], suggesting YZ must be
able to operate at such temperatures. PSII inhibited
in WOC turnover was initially used to detect the split
EPR signals characteristic of YcZ interacting with the
Mn cluster. We have shown that this type of signal
can also be detected in uninhibited samples at cryo-
genic temperatures [54,77] and have suggested that
this could arise from tyrosinate-like behaviour of
YZ [26]. These results suggest that YZ in oxygen
evolving preparations can operate down to at least
5 K. This is in contrast to the YD, which cannot be
oxidised below 200 K unless YcD is initially trapped
in its oxidised conformation and allowed to be very
slowly reduced on storage at 77 K [3,54].
If YZ is e¡ectively deprotonated, or if it is involved
in a permanent hydrogen bond with D1 H190 where
the hydrogen site rocks back and forth between YZ
redox states, changes in charge on the YZ site at
physiological temperatures could cause proton trans-
fer or release elsewhere by electrostatic e¡ects. YZ
would also be able to operate at temperatures where
proton movements are prevented as observed. YZ
would be e¡ectively negative in the reduced form
and neutral when oxidised, accounting for EPR
and electrochromic shift data [22^31]. The hydrogen
bonding network for proton transfer could involve
the nearby Mn cluster and that may be the source of
the proton released following oxidation of YZ. The
e¡ect of nearby bound cofactors (Mn, Ca2, Cl3)
appears to ¢nely tune the pKa values of the hydrogen
bonding network. The network will be disrupted in
cofactor depleted preparations, changing both the
redox and pKa properties of YZ and inhibiting oxy-
gen evolution.
9. Water oxidation
We therefore favour a mechanism where an
anionic species is generated in the WOC by deproto-
nation following the oxidation of YZ [26,27,29,31]
(Fig. 4). This has the e¡ect of lowering the redox
potential and activation barriers, allowing electron
transfer to proceed. A feature of the mechanism is
a progressive reduction in redox potential ¢rstly of
YZ and then the WOC, controlled by a wave of de-
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protonation following the changes in pKa induced by
the initial oxidation of P680. YZ therefore acts in a
relay, being rapidly oxidised by the reaction centre
during which deprotonation from the WOC occurs
to complete the oxidation of YZ and this deprotona-
tion in turn lowers the redox potential in the Mn
cluster, thus allowing YZ reduction. Domino depro-
tonation through the hydrogen bonding network
leads to proton release into the lumen. In agreement
with other proposals, the oxygen formation step is
likely to involve a metal bound hydroxyl ion, which
is a potent nucleophile [78,79]. This is likely to be
hydrogen bonded for correct orientation. Also in
agreement with other proposals, it is likely that for-
mation of YcZ triggers the release of oxygen in the S3
to S0 step [22^29]. The rate of the S3 to S0 transition
re£ects the slowest step within it, which does not
have to be the ¢nal one. The S3 to S0 step could
occur by a variety of mechanisms, including oxida-
tion of a water derived ligand or a Mn atom (Mn4
to Mn5) but YcZ could alternatively catalyse oxygen
formation and release, before it is rapidly reduced by
the Mn complex in forming the S0 state (Fig. 4).
Binding of the next substrate water molecule(s)
may be involved in pushing the molecular oxygen
o¡ the WOC. The S2 to S3 step sees the formation
of a bridging structure between two Mn atoms. This
accounts for the signi¢cant changes in biochemical
properties between S2 and S3 states plus the inhibi-
tion at S2 in non-native samples where the structure
is perturbed and unable to form S3. A protonated
oxo bridge would increase the reactivity of the cluster
[80]. An equilibrium between the bridged and peroxy
forms may exist in a similar form to previous sugges-
tions [20,73]. The formation of S3YcZ then promotes
oxidation to the peroxide level followed by cleavage
to release oxygen, binding of water and reduction of
YZ by the Mn cluster.
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